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Abstract
Inherited mutations in human beta-cardiac myosin (M2β) can lead to severe forms of heart failure. The E525K mutation in M2β is 
associated with dilated cardiomyopathy (DCM) and was found to stabilize the interacting heads motif (IHM) and autoinhibited super- 
relaxed (SRX) state in dimeric heavy meromyosin. However, in monomeric M2β subfragment 1 (S1) we found that E525K enhances 
(threefold) the maximum steady-state actin-activated ATPase activity (kcat) and decreases (eightfold) the actin concentration at which 
ATPase is one-half maximal (KATPase). We also found a twofold to fourfold increase in the actin-activated power stroke and phosphate 
release rate constants at 30 μM actin, which overall enhanced the duty ratio threefold. Loaded motility assays revealed that the 
enhanced intrinsic motor activity translates to increased ensemble force in M2β S1. Glutamate 525, located near the actin binding 
region in the so-called activation loop, is highly conserved and predicted to form a salt bridge with another conserved residue (lysine 
484) in the relay helix. Enhanced sampling molecular dynamics simulations predict that the charge reversal mutation disrupts the 
E525-K484 salt bridge, inducing conformations with a more flexible relay helix and a wide phosphate release tunnel. Our results 
highlight a highly conserved allosteric pathway associated with actin activation of the power stroke and phosphate release and 
suggest an important feature of the autoinhibited IHM is to prevent this region of myosin from interacting with actin. The ability of 
the E525K mutation to stabilize the IHM likely overrides the enhanced intrinsic motor properties, which may be key to triggering DCM 
pathogenesis.

Keywords: myosin, actin, heart failure, muscle contraction, enzymology

Significance Statement

Heart disease can be caused by inherited mutations in beta-cardiac myosin, the molecular motor that powers systolic contraction in 
the ventricles of the heart. However, it remains unclear how these mutations lead to contractile dysfunction and pathogenic remod
eling of the heart. We investigated a unique dilated cardiomyopathy mutation (E525K) that dramatically stabilizes the autoinhibited 
state while enhancing intrinsic motor function. Thus, we examined how this mutation impacts transient kinetic steps of the ATPase 
cycle, motile properties, and structural changes associated with the power stroke and phosphate release. Our results provide a kinetic 
and structural basis for how beta-cardiac myosin mutations may disrupt molecular-level contractile function in complex ways, which 
may inform the development of targeted therapeutics.
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Introduction
Human beta-cardiac myosin (M2β) is the molecular motor that 
powers systolic contraction within the heart by utilizing a con
served actomyosin ATPase mechanism (Fig. 1) (1, 2). It is well es
tablished that generation of force and power in cardiac muscle 
is determined by the recruitment of myosin motors during the 

systolic rise of calcium. During cardiac systole, cytoplasmic cal

cium binds troponin-C causing a conformational shift in tropomy

osin that allows myosin to bind actin (3). Myosin heads drive 

contraction according to the sliding filament theory by harnessing 

mechanical energy from ATP hydrolysis to initiate the force gen

erating power stroke (4). More recently, it has been revealed that 

PNAS Nexus, 2024, 3, pgae279 

https://doi.org/10.1093/pnasnexus/pgae279
Advance access publication 16 July 2024 

Research Report

https://orcid.org/0000-0002-5794-6927
https://orcid.org/0000-0002-5820-1521
https://orcid.org/0000-0002-1123-5273
https://orcid.org/0000-0003-3891-0694
https://orcid.org/0009-0009-7593-934X
https://orcid.org/0000-0003-3065-1456
https://orcid.org/0000-0003-3987-9019
mailto:cmy11@psu.edu
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/


muscle myosins can occupy an autoinhibited state called the 
super relaxed (SRX) state with 10-fold slower ATP turnover that 
plays an important role in thick filament regulation (5–9). 
Reports have found correlations between this SRX state and the 
interacting heads motif (IHM), a conformation where myosin 
heads fold back on a region of the tail (subfragment 2) and interact 
with each other (10). The intricate balance between the force gen
erating mechanism and autoinhibition of the thick filament re
mains elusive (11). Examining these biochemical and structural 
events is crucial for understanding the system of energy transduc
tion and regulation in myosin.

Cardiomyopathy is a disease of the heart muscle that results in 
impaired pump function and frequently leads to heart failure. The 
two most prevalent genetically induced cardiomyopathies, hyper
trophic cardiomyopathy (HCM) and dilated cardiomyopathy 
(DCM), have been linked to mutations in human beta-cardiac my
osin, encoded by MYH7 (12). HCM presents clinically as an in
crease in hypertrophy and ventricle wall thickening, often 
causing diastolic dysfunction, myofilament disarray, and fibrosis. 
In contrast, DCM, the second most common cause of heart failure, 
is characterized by wall thinning, left ventricular dilation, and a 
dramatic decrease in ejection fraction. Previous HCM and DCM 
cardiomyopathy MYH7 variant studies have been successful in 
contributing to our understanding of how impaired cardiac my
osin impacts disease pathogenesis. These studies have resulted 
in small molecule therapeutics, such as Mavacamten and 
Omecamtiv Mecarbil (13–17). However, the complex ramifications 
of myosin mutations on motor function are not entirely under
stood. For example, the leading hypothesis suggests that 
beta-cardiac myosin mutations that are “gain of function” are as
sociated with HCM, whereas “loss of function” are associated with 

DCM (18). However, exceptions have been identified, leaving room 
for debate within the field (10, 19, 20).

One intriguing feature of the myosin ATPase mechanism is that 
actin binding dramatically accelerates ATPase activity, in some 
cases by several orders of magnitude (21, 22). This feature requires 
a precise structural mechanism that allosterically connects the 
actin binding region with the active site. The conserved myosin 
motor domain is composed of four subdomains, the upper and 
lower 50 kDa domains, the N-terminal domain, and the convert
er/lever arm domain (Fig. 1A) (2). In the current paper, we focus 
on a region of the lower 50 kDa domain, known as the activation 
loop, which is thought to be crucial for triggering actin activation 
of ATPase activity (Fig. 1B & C). Previously, we studied the DCM 
mutation (E525K) located in the conserved activation loop (see 
alignment Fig. S1) and found that it dramatically enhanced 
actin-activated ATPase activity and the apparent affinity for actin 
(10). In addition, we found that this mutation dramatically stabi
lized the autoinhibited IHM and the SRX states even at physio
logical ionic strength (10, 23). We hypothesized that this region 
of myosin was crucial for stabilizing the electrostatic interactions 
that form the IHM, thus regulating the number of active heads in 
the thick filament. In the present study, we examined the impact 
of the E525K mutation on the transient kinetic steps of the ATPase 
cycle which allowed us to precisely determine the ATPase mech
anism and the fraction of the ATPase cycle where myosin is in 
the force generating states (duty ratio). We measured the power 
stroke rate constant using a FRET sensor of myosin lever arm ro
tation and performed Gaussian accelerated molecular dynamics 
simulations to predict structural changes and allosteric path
ways. In addition, we investigated the impact of the mutation on 
the motile and force generating properties of S1 using unloaded 
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Fig. 1. Structure of M2β S1 highlighting the E525 residue and the actomyosin ATPase cycle. A) The key domains of myosin, location of E525 at the base of 
the activation loop within the lower 50 kDa domain, and other structural elements (e.g. switch I and switch II) of the cardiac myosin motor are highlighted 
(PDB 5N69). B) The active site demonstrating the role of switch I and II in coordinating the gamma phosphate of ATP. C) The E525 residue and its proximity 
to the K484 residue on the relay helix. D) The kinetic scheme used to examine the key steps in the actomyosin ATPase cycle.
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and loaded motility assays. We demonstrate that the mutation 
uncovers a highly conserved allosteric pathway that is crucial 
for actin activation of the power stroke and phosphate release. 
Thus, our work highlights a conserved actin binding motif that 
can either interact with subfragment 2 (S2) to form the IHM or 
interact with actin to produce force, making it a major determin
ant of whether myosin can form an autoinhibited or force gener
ating myosin head.

Results
Steady-state actin-activated ATPase activity
In our previous work, we expressed and purified human cardiac 
myosin subfragment 1 (M2β S1) (see SDS-PAGE in Rasicci et al. 
(10)) and examined the actomyosin ATPase cycle in MOPS 20 buf
fer (10 mM MOPS at pH 7.0, 20 mM KCl, 1 mM EGTA, 1 mM MgCl2, 
1 mM DTT) (10, 24, 25). In the current study, we used a buffer con
taining higher Mg2+ (4 mM MgCl2) to minimize differences be
tween the mutant and WT that were solely due to differences in 
Mg2+ affinity (26). A lower salt concentration (5 mM KCl) was uti
lized to allow saturation of the actin-activated ATPase reaction, 
which is highly sensitive to ionic strength. Therefore, the kinetic 
experiments were performed in MOPS 5/4 buffer (10 mM MOPS 
at pH 7.0, 5 mM KCl, 1 mM EGTA, 4 mM MgCl2, 1 mM DTT). The 
actin-activated ATPase activity of M2β S1 WT and E525K was ex
amined in three independent protein preparations and the aver
age ATPase, at each actin concentration, was plotted as a 
function of actin concentration and fit to the Michaelis–Menten 
equation to determine the maximum rate of steady-state 
actin-activated ATPase activity (kcat) and the concentration at 
which ATPase activity is one-half maximal (KATPase) (Fig. 2A) 
(27). Our results reveal a 2.7-fold increase in the E525K kcat 

(10.06 ± 0.03 s−1) and a 7.6-fold decrease in E525K KATPase (3.99 ±  
0.59 µM) when compared to the kcat and KATPase values of the 
WT construct, respectively (3.76 ± 0.53 s−1, 30.33 ± 9.3 µM) 
(Table 1). We also determined that the ATPase activity without ac
tin, v0, was enhanced twofold by the mutation (WT, 0.02 ± 0.01 s−1; 
E525K, 0.04 ± 0.01s−1) (Table 1). Single ATP turnover measure
ments were also utilized to examine the ATPase activity without 
actin (Fig. 2B). Myosin was first incubated with mant-labeled 
ATP and subsequently mixed with a high concentration (1 mM) 
of dark ATP. We found that the slow phase representing the SRX 
state was a small fraction of the fluorescence transients in both 
WT and E525K (∼5%) (Table 1). The rate constant for the fast 
phase, referred to as the disordered relaxed (DRX) state, was two
fold faster in E525K compared with WT M2β S1 (Table 1).

Impact of E525K on transient kinetic steps of the 
ATPase cycle
We investigated the impact of the E525K mutation on the predom
inant steps of the actomyosin ATPase cycle. The results were in
terpreted in the context of a simplified kinetic scheme of the 
actomyosin ATPase cycle (Fig. 1D) (1, 11). The equilibrium con
stants in this scheme, each with associated forward (right) and re
verse (left) rate constants (not shown for simplicity), are referred 
to throughout the manuscript.

The ATP binding and hydrolysis steps were measured by mon
itoring the tryptophan fluorescence enhancement that occurs 
when M2β S1 (1 μM) was mixed with varying concentrations of 
ATP. Fluorescence transients were best fit to a double exponential 
function and the rate constants were plotted as a function of ATP 
concentration (Fig. S2A & C). The fast phase rate constants were 

dependent on ATP concentration and were fit to a hyperbolic 
function to determine the maximum rate of ATP hydrolysis, 
k+H+k−H (s−1), and dependence on ATP concentration, K0.5 (µM) 
(Fig. S2B). E525K showed a slightly reduced maximum rate of 
ATP hydrolysis (100.4 ± 3.2 s−1) compared to WT (127.9 ± 4.2 s−1) 

Table 1. Summary of steady-state kinetic measurements.

Kinetic 
Parameter

Method WT S1 E525K S1

v0 (s
−1), N = 3 NADH Assay 0.020 ± 0.006 *0.043 ± 0.010

kcat (s
−1), N = 5 NADH Assay 3.76 ± 0.53 *10.06 ± 0.30

KATPase (µM),  
N = 5

NADH Assay 30.33 ± 9.29 *3.99 ± 0.59

SRX rate (s−1), 
N = 4

mant-ATP Single 
Turnover

0.0041 ± 0.0025 0.0027 ± 0.0023

DRX rate (s−1), 
N = 4

mant-ATP Single 
Turnover

0.038 ± 0.003 *0.072 ± 0.022

DRX fraction, 
N = 4

mant-ATP Single 
Turnover

0.95 ± 0.01 0.94 ± 0.02

*P < 0.05. Errors reported are standard deviation, except for KATPase and kcat 

which are standard error of the fits.
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Fig. 2. Steady-state ATPase kinetics. A) The actin-activated ATPase 
activity of purified M2β S1 WT and E525K was determined as a function of 
actin concentration. The data points represent the average ± SD from five 
protein preparations. B) Turnover of mant-ATP by M2β S1 WT and E525K 
was examined for 1000 s after (0.25 µM) myosin was preincubated with 
mant-ATP (1 µM) for ∼30 s and then mixed with saturating unlabeled ATP 
(2 mM). Fluorescence transients were best fit to a double exponential 
function. Some error bars are not visible because they are smaller than 
the symbols (e.g. WT @ 60 µM actin).
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while K0.5 values were similar for both constructs (WT, 21.6 ± 2.7 
µM; E525K, 20.9 ± 2.6 µM) (Table 2). The second-order rate con
stant for ATP binding to myosin, K1Tk+2T (µM−1s−1), was deter
mined by the linear dependence of the fast phase on ATP 
concentration at lower concentrations of ATP, which was similar 
for both constructs (WT, 3.5 ± 0.2 µM−1s−1; E525K, 2.7 ± 0.2 
µM−1s−1) (Table 2). The rate constant of the slow phase, which rep
resented 10–20% of the fluorescence signal, was independent of 
ATP concentration and similar in WT and E525K (∼20 s−1).

ATP-induced dissociation from actin was measured by mixing 
M2β S1 (0.5 μM) complexed with equal molar pyrene labeled actin 
(0.5 μM) with increasing concentrations of ATP. Fluorescence tran
sients were best fit to a single exponential function and the rate 
constants were fit to a hyperbolic function to determine the max
imum rate of transition into the weakly bound states, k’+2T (s

−1), 
and the equilibrium constant for the initial interaction of ATP 
with actomyosin (K’1T) (kobs = [ATP]k’+2T/([ATP] + K0.5), where K0.5  

= 1/K’1T) (Fig S3A & C). The E525K mutation enhanced k’+2T 

(1993 ± 212.4 s−1) 2.4-fold compared to WT (827.8 ± 111.8 s−1) 
(Table 2). The second-order rate constant, K’1Tk’+2T (µM−1s−1), de
termined from the linear fit of the fast phase at lower ATP concen
trations, was similar in both constructs (Fig. S3B). The K0.5 was not 
significantly different between constructs (Table 2).

A sequential-mix stopped-flow configuration was used to 
measure the rate of actin-activated phosphate release. Actin- 
activated phosphate release was measured by mixing M2β S1 
with sub stoichiometric ATP and aging for 10 seconds to allow 
ATP binding and hydrolysis followed by a second mix with actin 
in the presence of phosphate-binding protein (final concentra
tions: 1 uM M2β, 0.9 µM ATP, 4 µM PBP, and 5–30 μM actin). 
Phosphate release fluorescent transients collected under single 
turnover conditions were best fit by a 2- or 3-exponential function 
(Fig. 3). The very slow phase observed in some of phosphate re
lease transients (∼0.1–0.3 s−1) was considered to be caused by 
the reaction in the absence of actin or off pathway intermediates 
and thus was not included in the actin-activated phosphate re
lease analysis discussed hereafter. The maximum rate of the 
slow phase, k’+Pi (slow) (s−1), was similar for both the WT and mu
tant (WT, 2.4 ± 0.6 s−1; E525K, 2.8 ± 0.3 s−1) (Fig. 3B, Table 2). The 
mutant does demonstrate an enhanced actin dependence of 
k’+Pi (slow), as it is able to plateau at a much lower actin concen
tration. The E525K construct produced a 2.3-fold increase in the 

fast phase of actin-activated phosphate release, k’+Pi (fast) (s−1), 
compared to WT at 30 μM actin (WT, 19.8 ± 6.1 s−1; E525K, 45.2  
± 15.0 s−1) (Fig. 3A, Table 2). The maximum rate of k’+Pi (fast) 
was found to be 53.5 ± 7.7 for the mutant but was not determined 
for WT. E525K demonstrated an increased relative amplitude of 
the fast phase while WT was dominated by the slow phase (fast 
phase relative amplitude; WT, 11 ± 3%; E525K, 67 ± 5%).

We examined the rate constant for ADP release from acto
myosin, k’+ADP (s

−1), by mixing a pyrene actomyosin-ADP complex 
(0.5 µM actomyosin: 10 µM ADP) with saturating ATP (2 mM) 
(Fig. S4A). Similar rate constants were observed for WT and 
E525K (WT, 116.5 ± 16.0 s−1; E525K, 114.5 ± 12.1 s−1) (Table 2). 
The rate constant for ADP release from actomyosin was also cal
culated using a second method with mant-ADP (Fig. S4B). The 
actomyosin mant-ADP complex (0.5 µM actomyosin: 10 µM 
mant-ADP) was mixed with saturated (1 mM) ATP. The rate con
stants were faster than with unlabeled ADP, as we reported previ
ously (24, 25), and we observed a slight increase with the mutant 
(WT, 291.4 ± 27.0 s−1; E525K, 327.9 ± 20.2 s−1) (Table 2). Also, utiliz
ing mant-ADP we examined the ADP release rate constant in vary
ing buffer conditions containing different concentrations of MgCl2 

(Fig. S4C and Table S2), which allowed us to compare to the buffer 
conditions utilized for in vitro motility assays (see in vitro motility 
Results). We found that E525K was more sensitive to MgCl2 concen
trations, displaying a twofold decrease in the ADP release rate 
constant when comparing 1 and 4 mM MgCl2. The corresponding 
experiments in the WT construct demonstrated a 12% decrease in 
the ADP release rate constant.

In a previous study, we employed a FRET approach for measur
ing the rotation of the lever arm in M2β S1 by monitoring the tran
sition from the pre to post-power stroke states (24). Power stroke 
FRET was examined by exchanging Alexa488 labeled RLC onto 
M2β S1 (donor) and then utilizing Cy3-labeled nucleotides bound 
to the active site as the acceptor. To measure the actin-activated 
power stroke, M2β S1 A488RLC was mixed with substoichiometic 
Cy3ATP, aged for 10 seconds to allow for hydrolysis to occur, 
and then mixed with actin (final concentrations 0.5 µM M2B, 
0.45 µM Cy3ATP, and 5–30 μM actin). The traces were best fit to 
a double exponential function, especially at higher actin concen
trations (10, 20, and 30 µM) (Fig. 4). The fast phase of the power 
stroke measurements was hyperbolically dependent on actin con
centration in E525K, which allowed us to determine the maximum 

Table 2. Summary of transient kinetic measurements.

Kinetic Step Method Rate/equilibrium constant WT S1 E525K S1

ATP binding to M 
N = 3

Tryp. Fluor K1Tk2T (µM−1s−1) 
K0.5 (µM)

3.5 ± 0.2 
21.6 ± 2.7

*2.7 ± 0.2 
20.9 ± 2.6

ATP hydrolysis 
N = 3

Tryp. Fluor k + H + k−H (s
−1) 127.9 ± 4.2 *100.4 ± 3.2

ATP binding to AM 
N = 5

Pyrene Actin K’1Tk’+2T (µM−1s−1) 6.8 ± 0.5 8.0 ± 0.8

Dissociation of AM by ATP N = 4 Pyrene Actin k’+2T (s
−1) 

K0.5 (µM)
827.8 ± 111.8 

99.8 ± 22.6
*1993 ± 212.4 
212.4 ± 99.1

Power Stroke (fast) 
@ 30 µM actin, N = 3

FRET k’+PW (s
−1) 

K0.5 (µM)
10.7 ± 6.8 *43.7 ± 8.0 

17.4 ± 9.8
Power Stroke (slow) 
@ 30 µM actin, N = 4–5 reps

FRET k’+PW (slow) (s−1) 1.0 ± 0.3 2.3 ± 1.7

Pi release (fast), 
@ 30 µM actin, N = 3

MDCC-PBP k’+Pi (s
−1) 

K0.5 (µM)
19.8 ± 6.1 *45.2 ± 15.0 

4.0 ± 2.2
Pi release (slow) 
N = 3

MDCC-PBP k’+Pi (slow) (s−1) 
K0.5 (µM)

2.4 ± 0.6 
12.8 ± 7.8

2.8 ± 0.3 
1.0 ± 0.9

ADP dissociation from AM 
N = 4–7

Pyrene Actin 
mant-ADP

k’+ADP (s
−1) 

k’+ADP (s
−1)

116.5 ± 16.0 
291.4 ± 27.0

114.5 ± 12.1 
*327.9 ± 20.2

*P < 0.05. Errors reported are standard error of the fit, except for Power stroke (k’+PW), Pi release (k’+Pi), ADP dissociation (k’+ADP) which are standard deviation.
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rate of the power stroke (k+PWS = 66.9 ± 18). In WT M2β S1, we also 
observed two exponentials in the power stroke transients, but the 
fast phase rate constant did not saturate in this actin concentra
tion range preventing us from determining the maximum rate. 
Thus, we report the power stroke rate constant at 30 µM actin to 
compare the WT and mutant constructs. The E525K mutation in
creased the fast phase rate, k’PW (fast) (s−1), fourfold (WT, 10.7 ±  
6.8 s−1; E525K, 43.7 ± 8.0 s−1) while the slow phase rate, k’PW 

(slow) (s−1) was not significantly different (WT, 1.0 ± 0.3 s−1; 
E525K, 2.3 ± 1.7 s−1) at 30 µM actin (Table 2). The relative ampli
tude of the fast phase of the fluorescence transients at 30 µM actin 
was larger in E525K than WT (89 ± 0.01% and 53 ± 0.16%, 
respectively).

Kinetic simulations and duty ratio
In order to determine the predominate kinetic pathway of WT and 
E525K S1, we performed kinetic simulations using the individual 
rate constants measured, as well as taking into consideration 
other published studies (Table S1) (24, 25, 28, 29). We favor a mod
el in which myosin proceeds through actin-bound (K’H) and 
actin-detached (KH) ATP hydrolysis pathways. In addition, the 
actin-activated power stroke (K’PW) occurs prior to the release of 
phosphate (K’Pi). The rate constants for the kinetics steps not 
measured in the current study were adjusted manually until the 
simulated data fit best to the experimental data. This model fits 
reasonably well to the steady-state ATPase (Fig. S5A) as well as 
the phosphate release (Fig. S5B & C) and power stroke (Fig. S5D 
& E) rate constants for both the mutant and WT.

The duty ratio at saturating actin concentration was estimated 
by performing kinetic simulations to determine the fraction of 
myosin populating the force generating states (AM#.ADP.Pi and 
AM.ADP) under steady-state conditions. Using this method, we 
calculate that the mutant enhances the duty ratio approximately 
threefold (WT, 0.04; E525K, 0.11).

Impact of E525K on actin sliding velocity  
and contractile force
We performed both unloaded and loaded in vitro actin gliding as
says with WT and E525K M2β S1. All motility assays were per
formed at room temperature (∼22–23°C) in MOPS 50/1 buffer 
(10 mM MOPS, pH 7.0, 50 mM KCl, 1 mM EGTA, 1 mM MgCl2, 1 
mM DTT). We found MOPS 50/1 to be optimal for minimizing fila
ment breaking (see Fig. S6 and Table S2), which is crucial for per
forming the loaded motility assay. In MOPS 5/4 buffer, we 
observed significant filament breaking that was only slightly im
proved by reducing the MgCl2 to 1 mM. We found that increasing 
the KCl concentration 10-fold to 50 mM did reduce filament break
ing but was improved even more when MgCl2 was reduced to 1 
mM (MOPS 50/1) (see supplemental movies S1–S4). The unloaded 
sliding velocity was about 20% faster in the E525K mutant in MOPS 
50/1 buffer, and the increase was consistent over a wide range of 
densities (Fig. 5A). We fit the density-dependent data to a hyper
bolic function to determine the maximum velocity (VMAX) and 
density at which the velocity is one-half maximal (K0.5) (Fig. 5; 
Table 3). The K0.5 was shifted twofold lower in the mutant, consist
ent with an increase in duty ratio. We also performed in vitro mo
tility in the presence of varied concentrations of alpha-actinin to 
introduce a load to the assay. We found that E525K required sig
nificantly more alpha-actinin to slow the in vitro gliding velocities 
50% (EC50 = 16.2 ± 1.0 and 10.6 ± 1.1 ug/mL for E525K and WT, re
spectively) when the data in Figure 5B were fit to a standard dose– 
response curve. We utilized the assumptions from Greenberg and 
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Fig. 3. Actin-activated phosphate release. The phosphate-binding 
protein (MDCC-PBP) was used to monitor the phosphate release step 
using sequential-mix experiments. M2β S1 was mixed with 
substoichiometric ATP, aged for 10 s, and then mixed with actin and 
MDCC-PBP (final concentrations: 1 µM M2B S1, 0.9 µM ATP, 5 µM 
MDCC-PBP, and 5–30 μM actin). The rate constants of the A) fast and B) 
slow phases were plotted as a function of actin concentration and fitted to 
a hyperbolic function. C) Representative fluorescence transients in the 
presence of 20 μM actin are shown fitted to a three-exponential function. 
Residuals are shown below panel C, for E525K (red) and WT fitted with a 
3-exponential function (dark blue) or 2-exponential function (light blue- 
without the fast phase shown in panel A). Data points at each actin 
concentration represent the average ± SD of two experiments from two 
separate protein preparations, except for 30 µM actin which represents 
two to three preparations and N = 5 replicates for WT and N = 4 replicates 
for E525K. Some error bars are not visible because they are smaller than 
the symbols.
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Moore to convert alpha-actinin concentration to viscous load, 
which allowed us to fit the data to the force–velocity relationship 
(30). We determined that the mutant generated a larger (2.6-fold) 

maximum ensemble force (or isometric force). We also plotted the 
force as a function of power and found that E525K generated a 
4.6-fold higher peak power and the force at which peak power 
was observed was also increased (threefold). Our results strongly 
complement our kinetic characterization and clearly demon
strate that this mutation enhances both enzymatic and motor 
properties.

Atomistic simulations reveal mechanistic 
differences between WT and E525K actomyosin
To investigate the impact of the E525K mutant on the myosin 
power stroke at an atomistic level, we carried out Gaussian accel
erated MD (GaMD) simulations on the prepower stroke (PPS) acto
myosin structure (Fig. 6A) (31). The E525K simulations were set up 
based on models obtained for the WT PPS actomyosin complex 
(32). We found that the N-terminus of actin can form an inter
action directly with the activation loop (E525K) (Fig. 6B). In con
trast, in the WT simulations, E525 was unable to form 
interactions with the negatively charged residues at the actin 
N-terminus. Our analysis shows that the WT PPS myosin can 
form a salt bridge between E525 and K484, which has a most prob
able distance of 3.5Å (cyan curve in Fig. 6D). In the case of E525K 
simulations, this salt bridge is destabilized and the most probable 
K525-K484 distance increases to 6.5 Å (orange curve in Fig. 6D), ac
companied by rotations of the relay helix (RH, Fig. 6C). The E525K 
mutant displays more pronounced variations in the relay helix 
(RH) motion compared to the WT case, as shown in Fig. S7. 
These changes further induce a metastable state of the active 
site, characterized by a widened gap between switch I and II 
(Fig. 6E). The free energy profile along the distance between switch 
I and switch II finds this metastable state (17Å) to be exclusive to 
the E525K simulations (highlighted by the black dotted line in 
Fig. 6F). Given that switch I and II are proposed to form the 
“back door” for phosphate release, the widening of the gate repre
sents an intermediate state potentially facilitating phosphate re
lease. Our results suggest an allosteric mechanism that is 
adopted by the E525K mutant to promote Pi release and power 
stroke transition (further discussed below).

Discussion
We completed a comprehensive analysis of the E525K mutation in 
monomeric M2β S1, which allowed us to determine the impact of 
the mutation on the ATPase mechanism, duty ratio, motile 
properties, and structural mechanism of force generation. We re
vealed that the threefold increase in steady-state actin-activated 
ATPase activity is explained primarily by significantly enhanced 
actin-activated power stroke and phosphate release rate con
stants. With only minor changes to the other steps in the 
ATPase cycle, the enhancement in the power stroke/phosphate 
release increases the duty ratio approximately threefold in the 
E525K mutation. Our in vitro motility results align with the kinetic 
characterization by demonstrating increases in actin gliding vel
ocity, ensemble force, and power. We also performed Gaussian 
molecular dynamics simulations, which allowed us to propose a 
specific allosteric pathway for actin activation of the power stroke 
and phosphate release. Lysine 484 in the relay helix forms an es
sential salt bridge with glutamate 525 in the activation loop that 
is abolished by the mutation. The resulting increased flexibility 
of the relay helix and activation loop facilitates the enhanced ac
tin activation mechanism. In a previous study, we demonstrated 
that the E525K mutation dramatically stabilizes the autoinhibited 
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Fig. 4. Actin-activated power stroke. Actin-activated power stroke rate 
constants were measured by monitoring the fluorescence enhancement 
of Alexa 488 RLC (FRET) during actin-activated product release. 
Sequential-mix stopped-flow experiments were performed by mixing M2β 
S1 A488RLC Cy3ATP, aged for 10 s for hydrolysis to occur, and then mixed 
with actin (final concentrations: 0.5 µM M2B S1, 0.45 µM ATP, and 5–30 μM 
actin). The fluorescence transients were best fit by a double exponential 
function. A) The rate constants of the fast phase were plotted as a 
function of actin concentration and fitted to a hyperbolic function for 
E525K and WT. B) The slow phase of the power stroke was relatively 
independent of actin concentration. C) Representative fluorescence 
transients in the presence of 30 μM actin (average of two transients) are 
shown fitted to a double exponential function. The donor-only and 
acceptor-only controls are shown for comparison. Data points at each 
actin concentration represent the average ± SD of three experiments 
from separate protein preparations. Some error bars are not visible 
because they are smaller than the symbols.
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state in dimeric heavy meromyosin (HMM) (10). Therefore, we pro
pose that an important feature of the autoinhibited state is its 
ability to sequester the lower 50 kDa domain region containing 
the activation loop from interacting with actin, subsequently pre
venting initiation of the highly conserved actin activation path
way. In addition, this study sheds light on the balance between 
intrinsic motor properties and autoinhibition, and the interplay 
between these factors that ultimately leads to the reduced force 
and power observed in DCM patients.

Impact of DCM mutant E525K on intrinsic  
ATPase cycle kinetics
Steady-state ATPase measurements uncovered that the E525K mu
tation increased the actin-activated ATPase approximately threefold 
and dramatically reduced (eightfold) the actin concentration re
quired to reach one-half maximal ATPase. Impressively, the catalyt
ic efficiency (kcat/KATPase) was improved 20-fold in the mutant. We 
did observe a twofold increase in ATPase activity in the absence of 
actin, demonstrating the mutation alters the rate-limiting step, like
ly phosphate release, in the absence of actin. The current study dif
fers from our previous work, in that we used a buffer with lower ionic 
strength and a higher magnesium concentration (MOPS 5/4). 
Transient kinetic analysis revealed the mutation only resulted in mi
nor changes to ATP binding, hydrolysis, and ATP-induced dissoci
ation from actin, with no significant changes or minor changes in 
ADP release. Actin-activated phosphate release experiments, meas
ured using the phosphate-binding protein, revealed a twofold in
crease in the fast phase of the fluorescence transients, similar to 
that observed with steady-state ATPase. However, the slow phase 
was quite similar in both mutant and WT. In general, our phosphate 
release results agree with what has been previously reported in the 
literature for WT M2β S1. Tang et al. (25) reported two phases in the 

Table 3. Summary of in vitro motility measurements.

Motor Property WT S1 E525K S1

Maximum unloaded sliding velocity 
(VMAX) (nm−1s−1)

3663 ± 63 *4535 ± 44

Density at which unloaded V is ½ VMAX 

(µM) (K0.5)
0.239 ± 0.010 *0.121 ± 0.004

EC50 for alpha-actinin (µg/mL) 10.6 ± 1.1 *16.2 ± 1.0
Maximum ensemble force (FMAX) (pN) 796 ± 51 *2040 ± 79
Peak power (fW) 0.45 2.05
Force at which peak power occurs (pN) 425 1273

*P < 0.05. Errors reported are standard error of the fit 
(N = 3).
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Fig. 5. Actin gliding, ensemble force, and power. A) Actin sliding velocities were quantified across a range of myosin surface densities in an in vitro 
motility assay. Surface density modulation was achieved by varying myosin incubation concentrations within the range of 0.05–0.7 μM. Data points were 
presented as the mean ± SD, with measurements conducted using three separate protein preparations. A total of 150 actin filaments (50 actin filaments 
per protein preparation, N = 3) were assessed for each condition. B) To investigate the impact of frictional load, alpha-actinin, an actin binding protein 
was employed. The total concentration of M2β S1 loaded onto the surface remained constant at 0.4 μM, while the concentration of alpha-actinin was 
varied within the range of 0–22.5 μg/mL until a point of actin filament movement cessation was reached. A total of 100 actin filaments from three distinct 
protein preparations were examined. Data were fitted to the elastic model (30). The error bars presented are the mean ± SD. C) Using the data from Fig. 5B, 
alpha-actin concentrations were converted to viscous load, which allowed us to fit the data to the force–velocity relationship. The data were fit to the Hill 
equation as described by Greenberg and Moore (30), resulting in the determination of the maximum ensemble force (FMAX). D) Data from force–velocity 
relationship (Fig. 5C) were transformed into power by multiplying the force by the velocity, subsequently facilitating the generation of power-force plots. 
Peak power values and the corresponding force at which peak power occurred were determined by plotting and fitting the curve to the Hill equation. 
These results are summarized in Table 3.
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phosphate release transients at 30 µM actin with similar slow and 
fast phase rate constants. However, another study from our group 
(24) revealed transients with a subtle lag followed by a single expo
nential phase that was equivalent to the slow phase in our current 
study and the previous Tang et al. 2019 study (25). Thus, M2β S1 
phosphate release transients are dominated by a slow component 
and a minor fast component that can be difficult to detect since 
its relative amplitude is quite small (10–20%). Two other studies 
performed phosphate release with recombinant M2β HMM and 
regulated thin filaments and found fluorescence transients with 
fast and slow components with similar rate constants to our 
work, while the fast component contained a larger relative ampli
tude (28, 33).

The actin-activated power stroke was measured using a FRET 
approach that detects the rotation of the lever arm during the 
transition between the pre and post-power stroke states. 
Transients were best fit to a double exponential function, with 
similar rate constants for WT M2β S1 as were found in our previ
ous study (24). FRET experiments demonstrated the mutation en
hanced the fast power stroke rate constant fourfold. Overall, the 
fast phase of the power stroke and phosphate release were similar 
in both the mutant and WT constructs, suggesting the two steps 
may be indistinguishable in cardiac myosin. This is in contrast 
to our studies on myosin V that demonstrated the power stroke 
occurs faster than phosphate release and provided direct evi
dence that the power stroke precedes the slower phosphate 

A B

C D

E F

Fig. 6. GaMD simulations reveal differences between WT and E525K myosin. A) A structural model for the prepower stroke (PPS) actomyosin with 
domains, Mg2+, ADP, and Pi shown. B) In the mutant E525K simulations, a metastable salt bridge was observed between E525K and D1 (the N-terminus of 
actin). C) Representative conformations of the relay helix and helix loop helix (HLH) motif for the E525K actomyosin simulations (orange) and WT 
actomyosin simulations (cyan) at the PPS state. D) The free energy profiles projected along the distance between residues 525 and K484. E) For the E525K 
mutant, myosin active site in the presence of Mg2+, ADP, and Pi at the most probable state is shown in transparent gray, whereas the active site at a 
metastable state is shown in orange (switch I in green, switch II in purple). F) The free energy profiles projected along the distance between N238 (switch I) 
and E466 (switch II). The metastable state shown in panel D is highlighted by the black dotted line. This state, which is only observed in the E525K 
simulations (orange curve), likely facilitates Pi release.
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release step (34). The duty ratio, which can be calculated by per
forming simulations using the proposed kinetic model 
(Table S1), was found to be increased threefold in the mutant.

It is tempting to speculate that the slow phase in the power 
stroke and phosphate release transients is derived from the actin- 
bound hydrolysis step. Previous work from White and colleagues 
has provided strong evidence that this pathway exists in the fast 
skeletal muscle myosin ATPase mechanism and later in porcine 
cardiac myosin (28, 35). Our data is best fit to a scheme that in
cludes two pathways, an actin-bound ATP hydrolysis pathway 
and the canonical pathway with ATP hydrolysis off actin following 
by tightly coupled power stroke and phosphate release (see 
Table S1 and Fig. S6F) (35–37). Other pathways cannot currently 
be ruled out, such as a slow and fast pathway for phosphate re
lease, and thus further studies may be necessary to define the 
rate-limiting steps in the cardiac muscle myosin ATPase cycle. 
We found the relative amplitude of the fast component of the 
power stroke transients were greater than the fast component of 
phosphate release transients in both WT and E525K. We speculate 
that the lever arm rotation may be altered (e.g. reducing the amp
litude of the FRET signal) in the actin-bound hydrolysis pathway, 
while the canonical pathway provides a greater FRET amplitude 
associated with the actin-activated power stroke.

E525K enhances actin gliding, ensemble force, 
and power
By characterizing the motile properties of the E525K mutant, we 
found that the enhanced duty ratio observed in our kinetic studies 
translates to increased ensemble force and power. Several other 
studies have compared duty ratio and ensemble force and power 
using the alpha-actinin loaded motility assay (30, 38–40). Our re
sults demonstrate that E525K does not disrupt the mechanism of 
force production, which is thought to be rotation of the lever arm 
while myosin is tightly bound to actin. Thus, our motility results re
inforce our measurements of the power stroke rate constant, which 
found that lever arm rotation was accelerated by the mutation and 
suggest the mutation does not impair the conserved structural 
mechanism of force generation but simply accelerates key aspects 
of the mechanism. The more rapid transition into the strongly 
bound state with little change in the transition into the weakly 
bound intermediates will allow more force generating motors to 
interact with actin filaments at any given time and increase the en
semble force of the mutant compared to WT. Alternatively, individ
ual E525K mutant motors may have a greater force generating 
capacity. This could be accomplished by changing the mechanical 
properties of the lever arm, which was observed in other studies 
(41, 42). Thus, it will be important to examine the single molecule 
mechanical properties of the E525K mutation to further investigate 
the mechanism of how it enhances ensemble force and power.

The increase in velocity observed with the mutant was unex
pected since the ADP release rate constant, which typically corre
lates with unloaded sliding velocity, was unchanged or only 
slightly changed (43). We found a 12% change in the mant-ADP re
lease rate constant and no change in ADP release from pyrene 
actomyosin. Classic models of muscle contraction predict that 
the ADP release rate constant should control the detachment 
rate which suggests detachment limited sliding velocity (44). It is 
well established that the ADP release rate constant can be altered 
by free Mg2+ (26). Thus, we performed mant-ADP release experi
ments with a range of MgCl2 concentrations and found that at 
low MgCl2 (1 mM) the ADP release rate constant with E525K was 
twofold faster than what we measured at 4 mM MgCl2, while 

WT displayed only a 12% increase (Fig. S6 and Table S2). This in
dicates that the Mg2+ affinity for E525K in the presence of ADP 
may be significantly reduced. In our GaMD simulations, we did 
not observed any difference in the Mg2+ coordination in the pre
power stroke actomyosin structure of the E525K mutant. 
However, simulations in the actomyosin ADP state will be an ex
cellent avenue for future studies. Since we utilized a lower 
MgCl2 concentration for our motility assay, which we found to 
be more amenable for performing the loaded assay, we also as
sessed unloaded sliding velocity in the higher MgCl2 (4 mM) buffer 
but still found the E525K was faster than WT. Thus, the enhanced 
sliding velocity of E525K cannot be explained by changes in the 
ADP release rate constant. Early studies by Barany found a correl
ation between ATPase rate, which is thought to be attachment 
limited in muscle myosins, and muscle shortening velocity (44). 
Recent studies by the Baker and Cremo groups have developed a 
model that suggests maximum velocity is dependent on both at
tachment (40%) and detachment (60%) kinetics (45). Thus, the 
E525K mutation which accelerates ATPase and attachment ki
netics, but causes little change in detachment kinetics, seems to 
provide further evidence for attachment-limited models of in vi
tro actin gliding. In another study performed in parallel with 
this work, we found that dimeric beta-cardiac myosin constructs 
containing the E525K mutation did not alter the unloaded in vitro 
gliding velocity compared to WT counterparts (46). We hypothe
size that the impact of E525K on attachment kinetics may be di
minished with dimeric constructs, which is consistent with the 
idea that dimeric myosin cooperatively binds to actin (47). 
Alternatively, the strategy for adhering myosin to the motility sur
face was different in Duno-Miranda study (anti-GFP nanobody) 
compared to the current study (anti-GFP antibody) (46).

Allosteric mechanism of actin activation
Our work has uncovered key structural details of the allosteric 
pathway associated with actin activation of the ATPase cycle. 
The activation loop, located in the lower 50 kDa domain of the ac
tin binding region, is a highly conserved loop across myosin iso
forms that was first discovered in Dictyostelium myosin (21). The 
loop was termed “activation loop” for its ability to influence actin 
activation kinetics in Dictyostelium myosin without introducing 
any other significant changes to the ATPase mechanism in the ab
sence of actin (21). This loop varies in size depending on the spe
cific isoform, ranging from about 5 to 10 residues in length. Each 
activation loop across the myosin family contains a positively 
charged amino acid at the tip, such as arginine 520 in 
Dictyostelium myosin and lysine 526 in cardiac myosin (see 
Fig. S1 for alignment). This positive charge is thought to be essen
tial for interactions with the N-terminus of actin, which promotes 
the rotation of the lower 50 kDa domain during the transition from 
pre to post-power stroke states and the release of phosphate (22).

The conserved intrinsic structural transitions during myosin 
force generation are still being elucidated. Actin-bound myosin, 
with the products of ATP hydrolysis in the active site, undergoes 
key conformational changes that require allosteric communica
tion between the active site and the actin binding region as well 
as the converter/lever arm. The changes in the active site promote 
the release of phosphate, while the changes in the converter/lever 
arm promote rotation of the lever arm into the post-power stroke 
state. During this process, ADP remains in the active site, while 
phosphate has been proposed to exit though a “back door” mech
anism gated by an essential salt bridge between switch I and 
switch II (48, 49). In cardiac myosin, glutamate 525 at the base 
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of the activation loop forms a salt bridge with lysine 484 of the re
lay helix. Substituting lysine at the 525 position disrupts this salt 
bridge making the relay helix more flexible. Increased flexibility of 
the relay helix induces a metastable state in which the gap be
tween switch I and switch II that gates phosphate release is wid
ened. This “open door” allows phosphate to exit expeditiously. 
The converter domain, at the opposite end of the relay helix, is 
also altered by the increased relay helix flexibility. Simulations 
show that the region containing the relay helix, activation loop, 
and helix-loop-helix motif, in the E525K construct shifts towards 
a more rigor-like conformation that could explain the observed 
power stroke acceleration. Positioned adjacent to the activation 
loop, the helix-loop-helix motif is proposed to form stable interac
tions with actin during the early stages of actin binding (32). In 
addition, disruption of the salt bridge interaction between the 
relay helix and activation loop allows the loop (E525K) to interact 
with the negatively charged N-terminus of actin (e.g. D1) (Fig. 6B), 
further facilitating the actin activation mechanism in the mutant. 
The interaction of E525K with actin provides a structural basis for 
the enhanced actin affinity (reduced KATPase) observed with this mu
tant (Fig. 2). Steady-state ATPase activity is increased twofold in the 
E525K mutant in the absence of actin, which may result from en
hanced relay helix flexibility. Overall, in the absence of the critical 
salt bridge, actin binding may cause the relay helix to more rapidly 
transition into conformations that promote the open back door and 
post-power stroke lever arm.

Impact of E525K on IHM formation
A detailed mechanism for how the autoinhibited IHM prevents 
interaction with actin and thus force generation is currently un
clear. Generally, it is understood that the heads of the motor domain 
fold back asymmetrically onto the S2 rod as well as interact with 
each other inhibiting interactions with actin. Our previous work re
lied on a tarantula myosin homology model (PDB 5TBY) to predict 
the role of E525K on IHM structural interactions (10, 50). Recently, 
an updated 3.6 Å cryoEM model of the human beta-cardiac myosin 
IHM (PDB 8ACT) has become available (51). The region containing 
the E525K mutation, the activation loop, and the portion of the lower 
50 kDa domain proposed to be involved in the conserved actin acti
vation mechanism are sequestered in the IHM in both models. A 
model of the IHM based on the 8ACT structure reveals that D900 
and E903 in the S2 region are in close proximity to E525 in the 
blocked head (BH) (Fig. S8). Thus, the E525K mutation may stabilize 
the IHM by forming a salt bridge with D900 or E903. Overall, we pro
pose that a principal feature of the autoinhibition mechanism of the 
IHM conformation is that it prevents this region of the myosin motor 
domain from interacting with actin, subsequently hindering the ac
tin activation mechanism. It is interesting to speculate on how this 
hypothesis will be realized in a muscle fiber where the activation 
loop region of myosin can either bind to actin to produce force or 
interact with S2 to form the IHM. Since we propose that E525K has 
enhanced affinity for both actin and S2, we suggest there will be 
less myosin heads interacting with actin but those able to interact 
will be capable of enhanced force and power.

Implications for understanding underlying 
mechanisms of DCM
Dilated cardiomyopathy MYH7 mutations are thought to decrease 
intrinsic motor properties and/or stabilize the autoinhibited state 
leading to reduced force and power (10, 25, 50, 52). In contrast, 
HCM mutations are thought to increase intrinsic motor properties 
and/or destabilize the autoinhibited state leading to increased 

force and power (23, 53, 54). Interestingly, in some cases HCM mu
tations trigger a decrease in intrinsic motor properties while also 
causing destabilization of the autoinhibited state (19, 20, 55, 56). 
Thus, it is crucial to understand the interplay between these 
two factors to elucidate genotype-phenotype relationships. The 
E525K mutant is cited in ClinVar primarily as a DCM implicated 
mutation with one incidence of HCM and left ventricular noncom
paction (LVNC) reported. However, these reports of E525K result
ing in additional myopathic pathogeneses still acknowledge 
E525K as a clinically significant DCM mutant (57). The E525K mu
tant is an intriguing example of a DCM mutant that can stabilize 
the autoinhibited state while also increasing the intrinsic motor 
properties of active heads. Ensemble force can be represented as 
the product of the number of available heads, the duty ratio, 
and the intrinsic force of each myosin head (18). Because E525K 
mutants present as DCM, it is attractive to hypothesize that the 
ability of E525K to stabilize the autoinhibited state dominates 
the increases observed in intrinsic motor properties. It is also im
portant to note that the complexity of the mechanism’s opposing 
parameters could explain the sparse incidence of HCM and LVNC. 
Although uncommon, unbalanced myocardial performance early 
in life could present as one form of cardiomyopathy (e.g. LVNC or 
HCM) before later evolving into DCM (58, 59).

In addition, DCM is known to present with reduced Frank–Starling 
response, where cardiac muscle has enhanced force generation 
upon stretch, which makes the tissue less efficient at keeping up 
with systemic demand (60–65). When muscle is stretched in the pres
ence of load, myosin heads are proposed to be released from the SRX/ 
IHM states (65). This shift allows heads to move away from the thick 
filament backbone and become readily available to form cross 
bridges (65). E525K could impair Frank–Starling mediated force in
creases due to stabilization of the SRX/IHM states, preventing 
stretch-activation of the thick filament. Because E525K may primar
ily cause DCM by stabilizing the autoinhibited state, the first inclin
ation would be to treat with an IHM destabilizing therapeutic. 
However, it is important to note this may trigger the enhanced actin 
activation mechanism that is concealed by the IHM conformation. 
Mobilization of the previously sequestered but more powerful mo
tors may lead patients to display hypercontractility and relaxation 
defects. Further study of the intricately balanced myosin force gen
erating system will continue to elucidate DCM pathogenesis and 
drive therapeutic development.

Limitations and future directions
It is important to acknowledge any limitations and possible alterna
tive interpretations in the current study. The WT and E525K M2β S1 
constructs were examined with endogenous mouse light chains in
trinsic to the C2C12 myocyte expression system. This could poten
tially alter the impact of the E525K mutation, though the location 
of the mutation makes this unlikely in an S1 construct. In the cur
rent study, we were not able to assess the force generating proper
ties of E525K in a simulated thick filament environment. Future 
studies will perform mechanical measurements with synthetic 
thick filaments generated with a DNA origami platform (66). Also, 
utilizing a human induced pluripotent stem cell cardiomyocyte 
(hiPSC-CM) model would allow for examining the influence of regu
latory proteins such as cardiac myosin binding protein C.

Conclusions
In summary, this study revealed an important allosteric pathway 
associated with actin activation of the myosin power stroke and 
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product release, which we propose is crucial for the actomyosin 
ATPase mechanism. We suspect that this is a highly conserved 
allosteric pathway since the critical salt bridge we identified is 
conserved throughout most of the myosin superfamily. Our de
tailed characterization of the E525K mutation in the activation 
loop also suggests sequestering this element of the actin binding 
region in the folded-back autoinhibited IHM is crucial for prevent
ing actin activation of the ATP hydrolysis cycle and force 
generation. Our work further demonstrates the complexity of 
cardiomyopathy-associated mutations in beta-cardiac myosin, 
since E525K significantly increases duty ratio, ensemble force 
and power in monomeric subfragment 1 while stabilizing the 
SRX state and IHM conformation. Thus, there is a delicate balance 
between intrinsic motor properties of myosin heads recruited to 
bind the actin thin filament and the ability to autoinhibit myosin 
heads in the thick filament, which ultimately controls force gener
ation in cardiac muscle. The severity of the cardiomyopathy 
phenotype, whether it be the enhanced contractile force and dis
rupted relaxation observed in HCM or the depressed force ob
served in DCM, will depend on the interplay between these two 
key factors. Thus, detailed biophysical characterization of 
cardiomyopathy-associated mutations in sarcomeric proteins 
will help guide future therapies that attempt to normalize these 
key factors that are crucial for controlling cardiac contractility.

Materials and methods
Detailed materials and methods are outlined in supplemental 
Appendix, Materials and Methods.
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